ABSTRACT Treatment of persons with latent tuberculosis (TB) infection at greatest risk of reactivation is an important component of TB control and elimination strategies. Biomarkers evaluating the effectiveness of treatment of latent TB infection have not yet been identified. This information would enhance control efforts and assist the evaluation of new treatment regimes.
Introduction
Persons with latent tuberculosis infection (LTBI) are a large reservoir for potential tuberculosis (TB) reactivation and, thereby, continued transmission [1] . Consequently, targeted treatment of LTBI is an important feature of most TB control programmes [2, 3] . Diagnosis of LTBI is based on delayed-type hypersensitivity to an intradermal tuberculin test (TST) or by antigen-specific interferon (IFN)-γ release using IFN-γ release assays (IGRAs) [4] .
Studies of IGRAs (dependent on short-term release of IFN-γ in response to the 6-kDa early secretory antigenic target (ESAT-6) and the 10-kDa culture filtrate protein (CFP-10), encoded within region of difference (RD)1, which is absent from Mycobacterium bovis bacille Calmette-Guérin (BCG) and most nontuberculous mycobacteria) have been used to evaluate the efficacy of LTBI treatment [5] [6] [7] . Results have been inconsistent using peptides covering whole CFP-10 and ESAT-6; however, interesting results were found using peptides covering only portions of these proteins, both in LTBI and TB therapy follow-up in both low and high TB endemic countries [8] [9] [10] [11] [12] [13] [14] . ESAT-6 and CFP-10 are secreted by Mycobacterium tuberculosis under a wide range of growth conditions that include the exponential phase. An alternative hypothesis has been to study proteins that might specifically be up-regulated by bacilli in the latent phase of infection. Hypoxia characterises latent TB granulomas and so attention has been paid to the transcriptional changes that occur in bacilli subject to hypoxia in vitro. Two groups of potential antigens have thereby been identified. 57 genes initially and transiently induced by hypoxia are controlled by a three-component hypoxia-inducible regulon (DosR). The immunodominance of some DosR-regulated proteins has been demonstrated [15, 16] . Specifically, Rv2628c has been associated with remote LTBI, and has been found in the lungs of both LTBI and active TB patients [17, 18] .
Prolonged hypoxia (between 24 and 168 h) induces a group of >200 genes known as the enduring hypoxic response (EHR) [15] .
We designed the present study to assess peripheral blood mononuclear cell (PBMC) IFN-γ secretion in TST-positive persons in response to a mixture of overlapping peptides from M. tuberculosis proteins encoded by DosR regulon or EHR genes, as well as the reference antigens ESAT-6 and CFP-10, and other members of the esx family, before, during and after isoniazid therapy.
Material and methods
The study was conducted in Orizaba, Veracruz (Southern Mexico), between September 2008 and September 2009. We designed a two-group, two-arm, randomised clinical study in which healthy, male and female, 15-55-year-old, TST-positive (>10 mm by the Mantoux method using 2 tuberculin units of purified protein derivative (PPD) RT-23; Statens Serum Institut, Copenhagen, Denmark) participants were divided in two groups according to their history of previous exposure to a patient with bacteriologically confirmed pulmonary TB (shared household with a patient (so-called documented contacts; groups A and B) or without such a history (so-called non-documented contacts; groups C and D)). Participants in each group were randomly assigned to one of two treatment arms, with isoniazid (5 mg·kg −1 body weight, up to 300 mg per day, for 6 months) as the treatment for LTBI (treatment initiated immediately after recruitment (groups A and C) or treatment deferred for 3 months after recruitment (groups B and D)). Adherence was periodically monitored by measurement of isoniazid metabolites in urine using Taxo-INH strips (Becton Dickinson, Sparks, MD, USA) and pill counting. Participants underwent clinical evaluation at enrolment and at each visit. Groups B and D received fortnightly clinical exams during the deferred phase. Venous blood (30 mL) was drawn from all subjects for immunological assays at 0, 1, 4, 13, 26 and 40 weeks in groups A and C, and at 0, 13, 14, 17, 26, 40 and 54 weeks in groups B and D. All the assays were performed by personnel blinded to participant status. Ethical approval for the protocol was obtained from the ethics review committee of the Instituto Nacional de Salud Pública, Cuernavaca, Mexico, and written informed consent was obtained from all parents, guardians or participants. The study was registered at www.ClinicalTrials.gov with identifier number NCT00293228.
Antigens
We used custom-designed overlapping synthetic peptides covering the proteins sequences of ESAT-6 and CFP-10 (mixtures of 10 peptides of 15-mers overlapping by five residues and divided in two peptide pools). Peptides covering sequences of Rv0081, Rv0569, Rv2031, Rv0288c, Rv3019c, Rv0826, Rv0849, Rv1986, Rv2659c and Rv2693c were mixtures of 10 synthetic 20-mers overlapping by 10 residues (Peptide Synthetics UK and ProImmune, Oxford, UK). The sequence of Rv1986 was covered by two peptide pools. The covered peptide sequences were selected using the protein sequence of each of the genes reported in Tuberculist (http://tuberculist.epfl.ch) and the regions of high similarity in biological sequences with the sequences in the nucleotide database were selected using the National Center for Biotechnology Information Basic Local Alignment Search Tool (www.ncbi.nlm.nih.gov/BLAST/Blast.cgi), as reported in [19] . Sequences are reported in table 1. We also tested recombinant Rv1737 protein kindly donated by . Aliquots were stored frozen at −80°C until use.
IFN-γ release assay
At scheduled times for each group as described above, 30 mL heparinized peripheral blood was obtained from each participant. PBMCs were separated by centrifugation using Lymphoprep (Axis-Shield PoC AS, Oslo, Norway) as previously described [20] . PBMCs were cryopreserved at −70°C, and were thawed and re-suspended in RPMI 1640 culture medium containing 2 mM L-glutamine (BioWhittaker, Radnor, PA, USA). Viable cells were counted with an inverted microscope using the trypan blue method and, typically, the viability of cells was ⩾93%. PBMCs were plated at 2×10 5 cells per well on flat-bottomed, 96-well culture plates, and incubated with each mixture of overlapping peptide pools at 5 μg·mL , PHA at 10 mg·mL and culture medium. After 6 days of cultivation at 37°C under 5% carbon dioxide in air, the cell-free supernatants were collected and the secretion of IFN-γ was analysed by ELISA.
IFN-γ ELISA IFN-γ levels were quantified by an in-house sandwich ELISA as previously described [21] . The detection limit of the IFN-γ ELISA was 8 pg·mL
. Antigen-specific IFN-γ responses were considered positive when values were >100 pg·mL −1 after subtraction of values obtained from unstimulated cells.
Statistical analysis
We only analysed the responses from participants with full datasets. Characteristics of participants were compared according to each study group the Mann-Whitney or Chi-squared tests. We compared the IFN-γ response (in picograms per millilitre) and the proportion of responders (>100 pg·mL
) before isoniazid treatment between documented and non-documented contacts, and between each of the two pre-treatment measurements among individuals whose treatment was deferred, using the Kruskal-Wallis and Chi-squared tests. To examine changes during follow-up, we compared the proportion of responders to each antigen at the first post-treatment values (week 1), during treatment (weeks 4, 13 and 26) and the last post-treatment measurement (week 40), with the pre-treatment measurement (week 0) using multivariable, random-effects logistic regression models. We calculated the median response for the interval between weeks 4, 13 and 26 to simplify the analysis. In all multivariable analyses, we controlled for age, sex, documented or non-documented contacts, immediate or deferred treatment, degree of smear positivity of the index case, and response to PHA. All analyses were performed using the STATA 13.0 statistical software package (StataCorp LP, College Station, TX, USA).
Results

Baseline characteristics of participants
We analysed information on 60 individuals who provided all blood samples. A flow diagram displaying the numbers of individuals at enrolment, intervention allocation, follow-up and analysis is shown in figure 1 . Most of the characteristics of participants were similar between groups (table 2), but a significantly higher proportion of women were allocated to group C. Non-documented contacts were older and with greater TST induration than documented contacts. 56 individuals ingested 80% or more of the indicated pills, and four individuals ingested between 50% and 79%. Measurements of isoniazid metabolites in urine were positive in >90% of the determinations.
Baseline IFN-γ production No significant differences in the amount of baseline IFN-γ production ( fig. 2a and online supplementary table S1) or the proportion of individuals ( fig. 2b and table S1) responding to peptide pools was observed between documented and non-documented contacts. PBMCs from all contacts secreted detectable IFN-γ in response to almost all peptide pools and Rv1737 protein ( fig. 2a) . The strongest stimuli were peptide pools from Rv0849, Rv1986 and Rv1737 protein ( fig. 2b and table S1 ). Among individuals whose isoniazid treatment was deferred, with the exception of CFP10-2, for which the IFN-γ response in samples drawn immediately before treatment were significantly higher, there was no difference in IFN-γ secretion ( fig. 2c and table S2) or the proportion of participants ( fig. 2d and table S2) responding to peptide pools at two different time-points before initiating therapy.
IFN-γ response to ESAT-6 and CFP-10
We assessed the response to two peptide pools of both ESAT-6 and CFP-10, which have been used in IFN-γ release assays during treatment of LTBI [8] [9] [10] . Compared with the baseline, multivariate analyses indicated a significant increase in the proportion of responders to CFP-10-1 at week 1 (table 3 and fig. 3a ). The increase in response to the rest of the peptides of these proteins and the combined response to ESAT-6 or CFP-10 (table S3 and fig. 3a) were not significant.
IFN-γ response to peptides within DosR-regulated proteins
Multivariate analyses revealed that at week 1 and 40 of isoniazid treatment, there was a significant increase in the proportion of responders to Rv2031 compared with baseline (table 3 and fig. 3b ). The IFN-γ production in response to Rv0081 and Rv0569 did not significantly change during treatment (table S3 and fig. 3b ).
IFN-γ response to peptides from esx homologues and EHR antigens
None of the responses to esx homologue antigens showed significant changes during treatment (table S3  and fig. 3c ). As for EHR proteins, after 1 week of isoniazid therapy, there was a significant increase in the odds of a response to Rv0849, Rv1986-2, Rv2659c and Rv2693c. A significant increase at week 40 was also observed for Rv0849, Rv1986-2 and Rv2693c (table 3 and fig. 3d ).
IFN-γ response to Rv1737 protein
Rv1737 protein induced the highest production of IFN-γ among the assessed peptide pools. The odds of a response increased significantly between weeks 4 and 26, and at week 40 (table 3 and fig. 3e ). 
Discussion
There are no reliable biomarkers to evaluate treatment efficacy in LTBI. Previous studies have shown inconsistent or contradictory results, variability depending on study population, prevalence of TB, criteria used to determine LTBI, antibiotics, treatment adherence, type of assay, incubation periods and antigens [6, [8] [9] [10] [11] [12] [22] [23] [24] [25] . Most of these studies have used assays including ESAT-6 and CFP-10 as mycobacterial antigens; therefore, it has been suggested that a mixture of antigens, including those predominantly secreted in latency, might be a better predictor of M. tuberculosis burden in response to treatment [6] . We therefore analysed IFN-γ secretion in response to peptide pools from DosR-regulated, esx homologue, EHR and immunodominant mycobacterial proteins before, during and after treatment with isoniazid. The production of IFN-γ in response to peptide pools of CFP-10-1, Rv2031, Rv0849, Rv1986, Rv2659c, Rv2693c and the recombinant Rv1737 protein significantly increased after 1 and/or 40 weeks of isoniazid therapy. The peptide pool of Rv0849 and the Rv1737 recombinant protein induced the highest percentage of responders. These proteins may therefore be useful to evaluate the efficacy of drugs for the treatment of LTBI. Additionally, our results demonstrate that Rv1737 was the most potent inducer of the IFN-γ response before isoniazid treatment.
In the absence of isoniazid therapy, although peptide pools from CFP-10 and ESAT-6 induced a strong IFN-γ response, it was lower than that been previously reported [26] . As previously described, ESAT-6 induced lower IFN-γ responses than CFP-10 [8] . These variations in immunodominance may result from a variety of factors, as described earlier.
We also identified Rv0849, Rv1737 and the RD2-encoded Rv1986 (absent from most commonly used BCG strains) as major inducers of IFN-γ production in individuals with LTBI before isoniazid therapy. Peptides from Rv1986 have previously been reported to induce a strong response in peripheral cells from persons with LTBI and active TB, with a pattern of high interleukin-2 levels compared with IFN-γ levels, whereas CFP-10 induces mainly IFN-γ [27] .
The conserved membrane transport protein Rv0849 has not previously been assessed in LTBI. Conversely, the nitrate/nitrite transporter Rv1737 (NarK2) has been tested previously for IFN-γ induction and has been found to be among the most frequently recognised DosR regulon-encoded antigens in Uganda [28] . In our study, Rv1737 was the highest IFN-γ inducer. The Rv1737 protein is expressed under hypoxic conditions, being necessary for nitrate respiration during anaerobic conditions, and has been found to be defective in BCG strains [29] . Therefore, the response to this protein most probably results from LTBI, suggesting it could have potential usefulness as a marker of LTBI.
Our results demonstrate that after 1 week of isoniazid therapy, the frequency of IFN-γ responders to ESAT-6 and CFP-10 transiently increased (significantly only for CFP-10-1) but then decreased to baseline levels. The general pattern of response was similar to that in a previous study reporting an increase followed by a decrease in the total number of peripheral cells producing IFN-γ in response to recombinant ESAT-6, CFP-10, 30-kDa and α-crystallin-1 proteins after 26 days of preventive therapy [9] . This pattern may be explained by an effect of isoniazid on early release and subsequent decrease of secreted mycobacterial antigens that are recognised by immune cells. In our study, only levels of IFN-γ for CFP-10-1 were different from baseline after 1 week of therapy, and we did not observe significant changes at other time-points during isoniazid treatment. We therefore consider that in this study population, the response to the whole peptide pools of ESAT-6 and CFP-10 may not be a useful tool to track isoniazid therapy.
Peptide pools from the proteins Rv2031, Rv0849, Rv1986-2, Rv2659c and Rv2693c induced a baseline response of up to 45%. Of these proteins, only Rv2031 and Rv1986 had been assessed before [28] . IFN-γ production after 1 week of therapy was significantly increased in all of the aforementioned peptide pools. IFN-γ response to Rv2659c decreased to baseline levels at week 40, suggesting that response is similar to ESAT-6 and CFP-10. For peptide pools from the proteins Rv2031, Rv0849, Rv1986-2 and Rv2693c, the IFN-γ response increased above baseline at completion of treatment. We hypothesise that effective isoniazid therapy caused release of these proteins in contrast to what occurs for ESAT-6 and CFP-10.
In contrast to what has been previously observed for Rv0081 and Rv0569 [28] , peptides from proteins Rv0081, Rv0569, Rv0288c, Rv3019c and Rv0826 induced a baseline response <40%. IFN-γ production in response to neither of these peptide pools significantly changed after isoniazid therapy.
The recombinant protein Rv1737 induced significantly increased IFN-γ levels throughout treatment. Differences from CFP10-1 and ESAT-6 may be due to the fact that these proteins are secreted, while 
Non-documented contact Documented contact 0 Tx 3 months 0 Tx 3 months FIGURE 2 a) Interferon (IFN)-γ response to the pooled peptides assessed, comparing subjects with and without household contact with a patient with active tuberculosis (TB). b) Percentage of IFN-γ responders (>100 pg·mL −1 ) comparing subjects with and without household contact with a patient with active TB. c) IFN-γ response to tested antigens among contacts who were assigned to deferred treatment, comparing the response 3 months before initiating treatment with that on treatment initiation. d) Percentage of IFN-γ responders to the assessed antigens among subjects who were assigned to deferred treatment, comparing the response 3 months before initiating treatment with that on treatment initiation. No significant differences in the amount of IFN-γ production or the proportion of individuals responding to peptide pools was observed between documented and non-documented contacts. Among individuals whose isoniazid treatment was deferred, with the exception of CFP-10-2, there was no difference in IFN-γ secretion or the proportion of participants responding to peptide pools at the two different time-points. Tx: treatment; ESAT-6: 6-kDa early secretory antigenic target; CFP-10: 10-kDa culture filtrate protein; PPD: purified protein derivative.
expression of Rv1737 increases when M. tuberculosis is subject to hypoxia [16] . Treatment of LTBI may also cause these proteins to be expressed, thus stimulating a higher number of circulating IFN-γ-producing effector cells.
Our study has some limitations. We based our definition of LTBI on TST reactivity, not response to RD1 antigens. Interpretation of the TST is subject to limitations given its imperfect sensitivity and specificity [30] . This notwithstanding, a recent, highly cited meta-analysis concluded that neither IGRAs nor the TST have high accuracy for the prediction of active TB [30] . Another limitation may be that the study did not have a control population of TST-positive individuals who did not receive LTBI therapy. It is, however, the case that participants were divided into those who received immediate or deferred isoniazid therapy and that no random variation in antigen-specific IFN was noted over 3 months in the deferred group. Another These multivariable, random-effects logistic regression models were controlled for age, sex, documented or non-documented contacts, immediate or deferred treatment, degree of smear positivity of the index case, and phytohaemagglutinin as a measure of cell viability. aOR: adjusted odds ratio; CFP-10: 10-kDa culture filtrate protein; RD: region of difference; EHR: enduring hypoxic response.
limitation was that the majority of enrolled individuals had a BCG scar and this may have affected the positivity of TST. However, as only a small proportion of subjects who receive the BCG vaccine at birth have a positive TST result 15 years later, it is unlikely that a history of BCG vaccination modified our results, as all our subjects were vaccinated at birth [31] . Another limitation refers to the impact that antecedent TST may have had on our results, as it has been shown that tuberculin may enhance the response to the QuantiFERON Gold In-Tube assay (Qiagen, Venlo, the Netherlands) and, therefore, this important question remains to be fully answered [32] . Finally, we only analysed the responses from participants with full datasets. We encountered difficulty in collecting 30-mL samples of venous blood from patients on seven different occasions. However, full ascertainment of IFN-γ secretion in the group who completed all visits allows comprehensive assessment of the IFN-γ response to each of the antigens studied.
The strengths of our study include the following: 1) evaluation of a large panel of antigens that included several distinct categories of relevant M. tuberculosis antigens; 2) measurements conducted before, during and after treatment, which allowed identification of general patterns of response; and 3) control of relevant confounding variables. Our approach therefore overcomes some of the limitations of previous studies.
In summary, during isoniazid therapy, we observed a significant change of the IFN-γ response to CFP-10-1, Rv2031, Rv0849, Rv1986, Rv2659c, Rv2693c and Rv1737 for at least one time-point of the study. The highest frequency of responders was observed after 40 weeks of treatment and occurred in response to Rv0849 and Rv1737 (69% and 88%, respectively). This is the first reported study where the production of IFN-γ in response to these proteins has been evaluated after isoniazid therapy, suggesting potential usefulness of these proteins as biomarkers when evaluating LTBI treatment. More extensive and controlled longitudinal studies will be needed to confirm these findings. Our results demonstrated significant changes for specific antigens, showing how this approach may assist development of surrogates of LTBI treatment efficacy. 
